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FOREWORD 


This technical report describes the research performed at the University of Leeds, 
Leeds, England by J. O. Scanlan and J. D. Rhodes under contract AF61(052)-925, 
project 4506. The work was made possible by the cooperative efforts of the University 
of Leeds, the European office of the Air Force Office of Acro Space Research and the 
Rome Air Development Center. The Air Force Office of Acro Space Research Monitor 
was L/C Donald C. Kipfor and the project engineer was Haywood E. Webb, Rome Alr 
Development Center, EMIA, Griffiss Air Force Base, N.Y. 13440. 


This is one of a series of two reports treating the synthesis of microwave wide 
band networks from a transfer point of view. It is assumed that what one desires to 
achieve is a4 transfer characteristic T(W) = A(W) Exp [ic (w)] . One approach in the real+ 
ization is to synthesize by cascading an airpass network with a constant delay nctwork. 
The first case is treated here, and the second case is treated in RADC TR-67-3A4 - 
"Microwave Networks with Constant Delay", by J. O. Scanlan and J. D. Rhodes. Since 
the work is closely rclated to other RADC sponsored research, the reader may also be 
interested in RADC TDR-63-369, "Network Sy ‘esis with Multiwire Lines", by 


A. Matsumoto and RADC TDR-64-505, "Network Synthesis with Transmission Line 
Elements", by H, J. Carlin. 


This technical report has been reviewed by the Foreign Disclosure Policy Office 


(EMLI) and the Office of Information (EMLS) and {s releasable to the Clearinghouse for 
Federal Scientific and Technical Information. 
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ABSTRACT 


In this paper it is shown that any arbitrary delay characteristic of a commensurate 
microwave network which supports a T. E,M, mode of propagation, may be revlised 
by means of a transformeriess, coupled-line network within an arbitrary additive 
constant. The realisation procedure presented is based upon the synthesis of micro- 
wave C-type and D-type all-pass sections, Synthesis procedures are also developed 
for the direct realisation of a complete ail-pass network which include interdigitial 
line structures, 


The application of microwave all~pass networks to the phase correction of con- 


ventional microwave filters and to the construction of delay networks with linear 
delay characteristics is also presented, 
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INTRODUCTION 


In the design of microwave filters and matching networks, specifications frequently 
dumand constraints upon both the amplitude and phase responses over the operating 
band. It has been shown, by using ao general cascade synthesis procedure for dis- 
tributed networks!, that any amplitude characteristic may be approximated by @ tet- 
work whose delay is constant at aff frequencies*, ‘The purpose of this paper is to 
demonstrate how an arbitrary frequency/group delay characteristic may be realised 

by means of a transformerless, coupled-Ine network supporting a T. &, M. mode of 
propagation which exhibits zero insertion loss at all (frequencies. 


Such a network ls 
termed a microwave allpass network, The combination of the constant deluy network 


and the microwave all-poss network obviously enables arbitrary pl se and amplitude 
specifications to be met aimulianeously, 


Initially, it is shown that a commensurate microwave all-pass network may be 
represented as a cascade of microwave all-pass C-type and D-type sections within an 
arbitrary number of ut elements3, This enables complete delay characteristics to 
be approximated by the addition of the delay characteristics of single C-type ond D-type 
all-pass sections; a detailed discussion of this procedure is presented in the text, 
Furtherimure, since any delay characte istic may be realised by a cascade of C-type 
and D-type all-pass sections, by proving that any all-pass C-type or D-type section 
may be realised directly, or in cascade with a unit clement by means of a transformer- 


less, coupled-line network, the realisation of any arbitrary delay characteristic is 
ensured within an additive constant, 


For physica) convenicnce, occasionally it is desirable to be able to realise micro- 

wave all-pass networks directly without reducing them to the cascade of C-type and 
D-type all-pass gections. Two realisations in this form ure presented. The first 
realisation is in the form of a cascade of two-wire coupled lines, a problem originally 
considered by Steensart4 and a simple synthesis procedure 1s formulated. This par- 
ticular class of network is useful when it {is required to realise a delay characteristic 
where the difference between maximum and minimum delays in relatively small, other- 
wise unrealigable element values may result. The second realisation which is present- 
ed enables ‘resonant! type of delay characteristics to be realised in a simple manner. 
This class of networks takes the form of an interdigital line structure where the Hnes 
are terminated in open or short circuited stubs, the Input and output ports being at 
cither end of one of the linus. A general synthesis procedure ts developed based upor 
the even- mode impedance of the network thus reducing the synthesis problem to the 
realisation of a single reactance function in a particular form, 


Finally, attention is given to the application of microwave all-pass networks to the 
phase correction of conventional microwave filters and the construction of delay net- 
works with lincar delay characteristics, A numerical example js presented where a 
C-type and a D-type all-pass section are used to correct the phase response of a five 
element stepped impedance transformer, a realisation in the forn: of a cuscade of 


et 
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three, two-wire, coupled lines being presented. Limitations on this form of 
realisation are demonstrated by considering the phase correction of the complementary 
five element low-pass prototype filter®, In this case, a realisation in the form of a 
cascade of two-wire Hnes is not possible due te resulting negative coupling admittances 
and 2 general form of realisation as a physical cascade of a C-type and a D-type all- 
pase section must be sought. 


A first order approximation is given for the design of a delay network with a linear 
dolay characteristic over a narrow band of frequencies where the change in delay over 
the band is relatively large. This network may normally be realised in the form of 
the interdigital line network with open and short circuited terminating stubs. 
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Ik DELAY CHARACTERISTICS OF MICROWAVE ALL- PASS NETWORKS 


Consider the scattering matrix of a two-port, passive, lossless, reciprocal netwcrk 
defined as:- 


53; Sz2 
ae 'Sj= | {1) 
— Siz 822 


whore, from the unitary condition, at real fi equencies 


! (s} (8) = [1] 


a Petals 3 ak aL 


(2) 
[Ss] being the adjoint matrix of [S]}. 
The network is defined as an all-pass network if, 

S$), = So = 0 (3) 

which, from equation (2), results in 
: [Sig | = 2 i4) 
evaluated at real frequencies, 
If the network is a commensurate microwave network then, conventionally S), may 
be expressed as a rational ..-ction in t = tanh p (p normalised), within multipliers 


(l- t2)1/2 and ig analytic ir » domain Re t> 01, Thus, fram equation (4) for a com-~ 
mensurate microwave all-pas: network 839 may be written as 


n 


cl 

a (=) : (ae ‘ 
Bea) Yeseats Te 

da 1+t H(t) ”) 

where H(t} may be identified as a strict Hurwitz polynomial in t, and n is the effective 

| 


namber of unit elements in the network, 


From equation (5), at real frequency, the phase angle Wy of Syo (t) is given by 


(6) 
jCH(t) + H(-t)) 
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with 
p=jiw andt=jtanw 


The normalised group delay Tg of the network is then given by 


me d tig 
g dw 


ee H’ (jtanw) H’ (-j tan =a 
zn+ (1+ re re 
" “tO tanw) Ht) tana) 


where prime denotes differentation with respect tot, or, within an arbitrary additive 
constant, 


H’ (t) H’ (-t) 


a fese) eee ie 
Tg) = (1 »| H(t) * Het 


(7) 


where t is expressed as t = tanh p, and H' (-t) indicates the differentiation of H(t) with 
respect to t and then the replacement of t by -t. 


Since H(t) is a strict Hurwitz polynomial, then, 


iz=k i=m 2 
H(t)= 7 (t+A,) 7 (+ 20,+(t,1°) (8) 
i=l i=1 
where 
Aus Cy >0 
t=O, + ju, 


k is the number of real zeros, 
and m is the number of pairs of complex zeros, 


From equation (7) Tg(t) may now be expanded in purtial fraction form to yield, 


caer eer ee mes 


sy re 


T(t) = (1-t*) (3) 
nl og | re 1 
a + + coer iiaar amen 
=j, 


+ ‘* + 
t,+t hire tet t- 


which is evidently the delay of a cascade of k C-type and m D-type microwave all-pass 
sections, Hence, the overall frequency/group delay characteristics of this class of 
networks may be determined by addition of the delays of single C-type and D type all- 
pass sections. 


For the all-pass C-type section, 


on,7t 
$12 it) = (10) 
Ott 
where ¢ 5 is the real axis transmission zero of the section, 
From equation (9), the group delay at real frequencies is, 
2 
Jo 
Ty = = 5 (11) 
(sin?w) (1 - 5°) +9 
At 
0, T. : 
@= Vv, 4 me To 
and at (12) 
" 


wr Fs! Ty = 205 


Thus, the delay either increases or decreases with increasing frequency (up to a quarter 
wavelength frequency) depending upor vhetherg, > 1 crag < 1 respectively. A set of 
curves showing the delay characterisucs as a function of sin w is shown ir Fig. 1. 


The curves are only shown for th case o, <1 since, from cquation (11), if o == » then, 
£¢] 


2aq 
(cos” w) (1 - a9") + 8 
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Figure 1, Delay Characteristics of the Microwave C- Type Section 
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which is of the same form as cquation (11) with sin w replaced by cos w. Thus, to 
determine the delay corresponding to the caseg, > 1, it is only necessary to use the 


curve corresponding tog, — and to considor the horizontal axis to represent cos Ww. 
l 


In the case of the microwave all~pass D-type cection with a transmission zero at 
to =89 + Wo, from equation (8), 


2 
dog [ae |t,]” sin? w+ [tgl? J 
T,= eens antenna nA 
g € 
sinty( 1+2}t,) + [tof ? = 40,2) = 2 in? w (|tyl? + |tol*- 205%) + tol* (14) 
The d.c. delay is 400, Itol* while the delay at a quarter wave length frequency is 
4a. The latter is the greater if |t,|> 1 while if |t,| <1 the d.c. delay is the larger. 


In crder to determine the conditions for the existence of a peak in the delay curve, 
equation (14) is differentiated and equated to zero to give 


; tol [tpl (tpl? = 2) 


ey 1/2 
143|ty[2-405° | + (s IF (tol? + @+3]to)? = 405) (40,2+ altel” + i) 


eT 


RO BREE EIEN 


(15) 


and a peak delay exists only if a positive solution to equation (15) {s possible, This 
can occur if 


» bol + 3 tol? 


It, }s 1 oo” s P 


or (26) 


(1+ 3[t,[* 


|t,] 21007 s ri 


Otherwise a rising or falling characteristic similar to that of the C-type section 
results. 


A set of delay curves for the microwave D-type section is shown in Fig. 2. 


Curves are only drawn for |t,| < 1 since if the delay corresponding to a singularity 
0, + j w, where |t, | > 1 is required then, 


Tg 


0.§ 
SIN w 
Figure 2a. Delay Characteristics of the Microwave D-Type Section 
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40, [a- |t,|2) sin? w + [ty |? 9 


; 4 
aint w (142 |t, |? + ty] 4-40 12) - 2 sin? w (ft, 1? + It |*-20,2) + [ty] 


40, [1 - cos” w (1 - [t, 17) J 


(17) 
cost y)(1+2 It? + [ty |* -40 ) ~2 cos® w {1+ ike ~2917) +1 
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Figure 2b. Delay Characteristics of the Microwave D- Type Section 
so that 
4 
[ty [ = 
Ito| 
4agl(1 ~ | tol?) cos? w + [t,/7) 
T= 


SS eee (18) 
cos* w(l+2 ltol” + ah ~405%)-2 cos” w( ft, |? + It {4 -20,7) 4 |to|4 


which ia in exactly the same form as equation (14) with sin w replaced by cos w. 
Thus, in order to find the delay appropriate to a cage where [t, | > 1 it is only 


i 
necessary to use the curves in Fig. 2 for |t,| ag 
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Figure 2d. Delay Characteristics of the Microwave D-Type Section 
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: Figure 2e, Delay Characteristics of the Microwave D-Type Section 
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MW COUPLED-).INE REALISA TIONS OF THE MICROWAVE C-TYPE AND D- TYPE 
ALL- PASS SECTIONS 


C- Type Section 


A C-type section may be realised directly by the symmetrical two-wire line 
notwork' shoan in Fig. 3. This particular realisation is the first ordered case of a 


gencral synthesis procedure® which is described in section 3 and therefore here it is 
sufficiunt to ¢ay that 


(19) 
Yo 


where Zo, ard Z,, are the even aad odd mode impedances of the symmetrical two- 
wire line, 


For positive coupling between the lines, 


Zoe 2 Zo 


1) 


and thus the realisability condition is 


ST, 2 1 (20) 


In order to realise a C-type section where gg < 1, itis necessary to consider a 
realisation of the section in cascade with a unit elementl, 


eo 


Figure 3. A Symmetrical “wo-Wire, Coupled-Line Network 
Realising the Microwave C- Type Section 
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C-Type Section and Unit Element 


Numerous methods exist for the realisation of a C-type section in cascade with a 
unit element but most suffer from the realisability conditiong, 2 1, Here, only one 
realisation is presented which may realise any C-type all-pass section in cascade with 
aunit element of unity characteristic impedance. 


The transfer matrix of the overall section is, 


oft Be eT ee ee eee 


: 09° +t? @o, +1) tloy @ +09) +t?) 

poe reer 

\ 

: 2 (21) 

V1-t# -t? 2 

| (o “*) | tte, @+oy) + 7) a2 + oy+ V) 

| which yields the impedance matrix 

Oo? + t (2a + 1) dnt? (a2 = t?) 

1 
2 (22) 
} t [oq (2+a,) +t" J V1-t? (a2 - (7) oo" + 2 @o,+) 
i 
[ 
| A unit element of characteristic impedance 
o 
Zy = pening - Ieee 
i (2 + Co) 
with an impedance matrix, 
1 1-t2 
| Be (23) 
tl ft? 1 
; is extracted in series from the all-pass section to leave a network defined by the 
impedance matrix, 
1+0,) -V1-t? 
2 (l+a9) t ae 
(2404) (ag (2 +a) +t”) (24) 
as Vi? (1 +O) 
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ites} 


i 

: 

} : 

; i 

i The corresponding transfer matrix is:- 3 

i i 

. : 1+ O59 2(1 + To} t : 

-j Senate. Oe ar fe : 
—— | 2 + To) ag 
V let : 
ta) [  o, @+ ao) 
; eG l+ay 
: 2(1 +04) t (25) 


L 


and remains to be realised by a transformerless coupled~line network. 


In order to achieve this, consider the transfer matrix of a symmetrical two- 
wire line defined as:- 


4 
Vv; | 1 0 $4, it “iy 
Vp 1 : 7 Gi2t Ei Vag 
a (26) 
L, vist "41+ “Nye t 1 0 Le 
where the directions of the voltages and currents are shown in Fig. 4, 
. "11 Ne 
(n']= (27) 
“N12 UBG] 


| is the characteristic admitttance matrix of the two-wire line and, 


(nl Cg] = (1) (28) 


} 
‘ 
| 
7 


If the terminal conditions Vy * V,% = 0 are imposed on this network then, the 
transfer matrix of the remaining two-port is:- 


M1 t 
= "Ne "he 
f 2 (29) 
112 —— 
Grate 712 


Comparing this matrix with the matrix (25) results in, 


(2 +99) 
n = 
ae 
(30) 
(2 + 9,) 
12 ~ 
2(1+9,) 
or 
(1 + Go) 
Zon ey + i9"* 
=; Gy @ +00) 
(31) 
2(1 + a4) 
Zoo = 11 ~ €y2 = — 7 
@ +o) 


which is realisable with positive values of admittance for all values of T° 


T I 
vi; ! la 
+ | 12 + Ia 


12 la, | , 
@———>-____ a ee => 
ey 2 28 ye 


Figure 4, A General, Symmetrical, Two-Wire Coupled Line 
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The final network is illustrated in Fig. 5. Thus it has been shown that all micro- 
wave C-type sections is cascade with a unit element of unity characteristic impedance 
may always be realised by a transformerless coupled-line network, 


The D-type all-pass section may be realised by means of a cascade of two, bymmet- 


Yical, two-wire Lines ag shown in Fig. 6. Again, since a general synthesis procedure 
for a realisation in this form is presented in the following section, only the pertinent 
glement values --lll be given here. 


If Zoe1» Zg01 89d Zoe2, Zoog ure the even and odd mode impedances of the first 
and second two-wire lines then, 


2 
zoel = nal ial (32) 
Do 
2 
a a It, | Zoe1 
and 
2001701 : 2 02002 se W2) 
Realisability requires that 
(a) Z zl 
oel 
or 
1-2 + |t [= 20 
To 9 
which is always true, and, 
(b) 
Z 502 21 
or . 
2 2 
It, | f + |t,| ae (34) 


which is the realisability condition. 
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Figure 5. A Realisation of the Microwave C-Type Section in Cascade With A 
Unit Element 


Figure 6. A Cascade of Two, Two-Wire Lines Realising the Microwave 
D-Type Section 
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The region in which transmission zeroe may not be realised by this technique is 
shown in Fig. 7, 
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Figure 7. Realienability Contour for the Realisation of the 
Microwavo D-type Section 


D-Type Section and Unit Element 


The transfer matrix of an all-pass D-type section in cascade with a unit element 
of unity characteristic tmpedanca is 


sete ee. A B 
Aa 4 2 22 | 4 (35) 
we (Ut + 2a sage lt jy 


where 
4 27 2 2 2 4 
A = It +2t [0 + 30, +20, It, | + t (l+ 40) 
2 2 2 2 2 4 
Bet [ist (40, + It ) + 2t (w, +30, +2 0) +f | 


+ 
ae eae 


In the synthesis procedure which follows an admittance split is employed which 
necessitates the use of the admittance matrix). For the section under consideration, 
the admittance matrix is of the form, 
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Vee 
Ya Yye 
Vig yt 
whero 
ee eee 2 2. 4 
a It} + 2t° ww,” +3, +2q,It| ) +t" (1 + dg.) 
"hr 2 (6. ee Bi 2 4 
+f It, (4a, + It | )+ 28 (wi + 3g,” + 2a) +t ] 
(36) 
2, 1/2 4 ae ee 
ae ee [Itgl* +2(u,” - 0,7) #7 + t 
12 TELA tae Cle Ges city hues Be wee aT 
tt! (40, + It, )+2t"(w +39," + 20.) +t | 
Expanding Yry and Yy0 in partial fraction form results in:- 
A B 
: _ So | ss Set 
ll t ; * 2" : tele 
(37) 
A B 
21/2 | i2 ! Ke t 
y = + {l-t) + 7 
12 t 2 
t + w2 t tw, 
where 


€ 
x) 
" 


¢ 20,(1 +0.) + It + 20, V (1 +,)" + It? 
2 = 2g toys [tl -20, Varo) + [tl (38) 
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II 
fe) es rear 
40, I 
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ee 


ed 


Lee eee! 


Se TT ATT STENTS 


4a 4 
Ity | -2 (Wy? = 9, dwg * Wy 
k AY > @ 
12 3 
4 2 a 2 
i Ith -2 (we og wy + wy 
pe tea oe s 
Ky B22 2 : 
w (wg - wy") (38) 
and 
1/2 
A A 2 
Kiy hyp At wy”) 
Rap Ry G+ wy”) 


The network may now be decomposed into the parallel connection of two networks 
Na and Ng defined by, 


Yur Y12 Yiu 


rs + (39) 
B B 
Yr2 Vay Yio" vA | Yi2 Yai 


Assuming that x is real and 0 <x s 1, then, 


ky (=x) yy At 
ne + Semen 


y 
11 t te 4 we” 
(40) 
k (1-x) kyo* 
A = 2 1/2 9 t 
Y12 (i-t*) 
t 12 + Wo” 
and 
kox Kyat 
it- = . 
t t2 +a? 
(41) 
B 
k k t 
y.B = - (at?) V2 o% oe 
12 uaa Oe 


The synthesis of the networks Na and Np will now be considered, 
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Network Na 


The transfer matrix of the network N A defined by equations (40) le, 


t A Bg 


1/2 7 2. cA 
(-t*) e k, (lex) +B aA +k, an 


whore 


(42) 


Bo tts wy" 
A 2 2 A 
= Wy ky (d=x) 40" (Ky) + hy aed) 


e 2 oh ss ¢ 
Cat ko (lex) wy k, (lox) +2 ky = kyo”) T+ Ook pA ak, (Lex) *] 


The impedance purometers z,, and z)9 may now be constructed and are given by 


wo? ko (A-x) + (ky 4 + ky (=x) ) 


ak ee isa Rar emtames O (43) 
t ott (w2” k,, (L-x) +2 &, 14 ~ kia”) }+ 2 (ko + Ko (i~x) "] 


a 


>, V2 if 2 ¢ 
a2) oy? kg (tex) + egg + ky (lox! } 


ca Wa 


2 eaeraas aC 
t fg (=x) (wey (nn) #2 yy” = yy Ad T+ FA + ie (1)? | 
A unit element of characteristic impedance 
1 
Z,™ 


1 (44) 
eg + ky (1-x) 


is now extracted in series from the network to leave, 


ae 


z 
il 11 t 


Ky (=x) [wo,” kyy * -2 14 -kyp | +t? Ogg 8 + ky xd) A -ky24) 
Oe ee Ne ee 


[M2 Mok, ann) : [te (Lox) [a g? ke (l-x) + 2641 4~ kyo) 


+t? Ckyy * + ky lx) | (45) 
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and 


1a] 
12 = + 3 eral 


t 


-* a fe 


“ 


2 A 1 
at) VFR (den) [osi2" “Ay yo") 


2) A A 
[kyy"* ky (ex)] t [iy =x) CangPicg (Und #2 Oy ky] 
(46) 
2 A 2 
+t” [ky Ky Gx) J | 
The corresponding admittance parameters of this symimetrical network are :- 
A A, A A 
i “Ky as] E (1) Cong? kyg 22 Oya ky )) 


Sa a ae 
"7 Oey yA iy 17 (47) 
and 
ey [hie +k, a-s)| ky (1-x) fee? hie? i A-Ky» ” 
Yi * 


2 
ky *-Kyp Ay't 


Two open circuited shunt stibs are extracted, one from each end of the network, 
of charucteristic impedance 


A A 
yy Ky2 
Zy = 


: (48) 
hie + kg (1-x) i- 


to leave admittance parameters which are realisable by a unit element of characteristic 
impedance, 


aA 2 
11 kyo 4) 
ye 


49) 
3 A 2, A Aly A 
se Ko unr) Ka (=x) E Ria 2 Gr 9 } 


25 


Using the relationships given in equations (38), the elemem values in the network 
reduce to, 


1 
k,,4 +k, (lex) 
12 0 


ae 
ko (V1 + we? -D) 
Zo n > 0 (50) 
Kg + ky (-x) 
kyo 
Za = > 0 


k, (l-x) [iz + ky (hex) 


The realisation of the network N, as described is shown in Fig, 8 Ame co - 
vanient practical realisation will be dlacunwed during the process of connecting the 
network Ny in parallel with the network Ny. 


O/C STUBS 


Figure 8 The Physical Realisation of the Network N A 
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The transfer matrix of the network Np defined by equations (41) is I: 
i 
1 A B i 
ee ee ee ee (51) ; 
———},, 2 2a. B 
1-2 E k xt KX - Kyo | Cc A t 
{ 
where 
2 2 
A = wy kx+t (cox +11) 
Ba t(t? + w,) 
Cat | kox lw,2 kox + 20), P+ky> 3) + #? eg 
= t [ kox toy" Kox + 2 (yy +ky2 ©) (kx - ky) ™) 
The corresponding impedance parameters are:- 
wy 2kox + t ox + ky, 3) 
41. - 


yr a a — 
2 B, 2 
t[kox ios Hox + 2 Oa Paka] + t (ox hye) ! 


qt?) /? [ws? kx + t? (kx - Kyo | 


“12 * 2 B By 4 42 B, 2 


Two synthesis procedures are presented corresponding to te cases Of Kox - kyo B 
being positive or negative. In both cases a unit element of characteristic impedance 


2 
Zz Pp a Te. ER ce eee na 


1 B (53) 
wy ox +2011 B+ ky. %) 


is extracted in series with the network to leave a network with the impedance parameters, 


B B? BL, B } 
t (ey? tte, #29 hye kyy 14201 + Ry) igxt hy 
zi. = = 
ra 


B B. 
[oes box? Oy, Ps Kio 5] [aor fay? Hox?2 + kio 3} 


2 2 
+t? (kgx- ky”) (54) 
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Converting to the admittance parameters yields 


2 B B 2 B B Be 
(a, kwak,, *Kys Mle, CK, t2kyo Mk xk, + 


yyy * 
U = 
Yi0 
If kx - are 2 0 then, two short circuit shunt stubs of characteristic impedance, 
B B 2 
[ask ig +20), +k, *)3 
Zz, = 4 (56) 


B 2 B B 
Kir * Rye | wy, Kx t+ 2k), +k) 


are extracted one from each end of the network, to leave a unit element of character- 
istic impedance 


thus forming the network N,.. as shown in Fig. 9. Using the equations (38) the element 
values of the network No, reduce to, 


w. 


Zz = 
kx+2k,, Son tw, + 
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EE TE 


Bae Vit wy) 


a (58) 
Geek: re =" 


Bis Lewy)? 


k 
a feo] ota tty, Baedeas] 
#8 2 B 2 
Kx ky | pa, kx t 2k, Gt vi tw) 


Figure 9. The Parallel Connection of the Networks N A and Nao 
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For the case where x 2 8 ss <0, the two-wire line network described by the 
matrix (29) is employed. In case, by comparing equations (55) with the matrix 
(29), 
B B. f 2 | 
; Kio - 1 | wk x +2 kyo (i + V1+ Ww, ) 


" 
- ki Ba adi+ w, 27 


2 (59) 
[u.2ex+ 2k Ba adie w.’) 
mon 1 oo 12 1 
li “12 B 23 
Kyy G+vi+w,) 
leading to, 

E B 
ky Q+Vitw,) 
I Zz s 7 
: oo 


_ 


2 B 
[o, k xt 2k, (i + 1+ wy, | 


(60) 


k Pas Vi tw, 2) 
Zz - 12 1 


2 B 
Kx [ey ko tk (+ 1+w, | 


regulting in a network Nap of the same form as that shown in Fig. 5. 


This two-wire line network is realisable under the condition (kx - kyo 0, since 


. B, 2 2.2 
i ; 2k, &,)> ~k x ardi+w,2) 


5) (61) 
2 A 3 2 
kx [., ke +2 Kio (l+V1 + wy | 


It has been shown that networks N A and Ny may always be realised, the network N,, 
being either in the form of Np or Nye! and therefore any D-type all pase sectior in 
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on TT 


cascade with a unit element of unity characteristic impedance may always be 
realised using the parallel decomposition technique deacribed by means of trans- 
formerless coupled line networka, 


The parallol connection of the networks Ny and N,. produces the network shown 
in Fig. 9 and is a five-wire coupled linc strecture with iwo-sinbs, ‘Lhe parallel con- 


nection of the networks N A and Ny , however degenerates into a three~wire inter- 
digital Line section with four stubs as shown in Fig, 10. 


eden 


a 


_ — ie 


Figure 10. The Parallel Connection of the Networks N A and Nai 


31 


ST [i trason tanh oa eatin noel anneal 


The characteristic admittance matrix of this three-wire line, from equations (50) 


| 
! 


and (58) te :- 
(1) (2) (3) 
aren 
ko, th (i-x) 
12 o A 
Me "i [kok 0-»] 0 
Ke 
| fe A g B 1 bs B 1 
(2) - fis *k,(-»] Kio +k +2,» = otk» 
v L+uy ~1 J/i+w, =] 
2 
2 _ B ees 
(3) 0 [i x+2k, _ = w, kxt2ky 4 (i + ia) 
Iti, - 


B 
a ky lt Lew,” )? 


(62) 
where line (1) is terminated in two open circuited shunt stubs of characteristic ad- 
mittance, 


: kyo aa oft-x) < 


2 Seay ee ee (63) 


Line (3) is terminated two short circuited shunt stubs of characteristic admittance, 


2 
2 B 
F kx + 2k, (1 + an 


¥, * (64) 
B 2.3 
Kia (lt vitw) 


and the ends of line (2) provide the terminals for the input and output ports. 
This network configuration is realisable with non-negative admittance values if 


the networks N A and N,, are realisable, Since the network N A is realisable for 
all permissible values ot x, amd the network Ny 18 realisable if, 
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4 
t 
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4 


B 
kx kia z 0 (65) 


then by choosing x = 1 the realisability condition for the combination becomes, 


fe) 12 (66) 


In order to produce some flexibility in the design of this section, the impedancu 
level of line (1) and (3) w. r,t. (2) may be modified without altering the characteristics 
of the network between the input and output poris on line (2), This is accomplished 
by multiplying the first row and column of the admittance matrix of the three-wire 
line by a constant and by multiplying the terminating admittance on line (1) by the 
square of the constant’. A similar procedure may also be applied to line (3). 


For convenience, the factors 


* and % (67) 
[ke +k (-x)] kxt2k,, ( 5 ) 
12 ° A +w "1 


are used to increase the impedance levels of lines (1) and (3) respectively, result- 
ing in the characteristic admittance matrix of the three-wire line being reduced to, 


(1) (2) (3) 
% 2 
(1) 1 " “x, Q 
k 
12 
(2) | -x k A, k + 2k 5 fees 5 ~X,, (68) 
1 12 fo) 12 "; 
fl tw -1 
2 2 
at las 
(3) 0 ~Xy 


B 2 
kis (1 + 1+w, ) 


where line (1) is terminated in two open circuited shunt stubs of characteristic ad- 
mittance, 


2 


*y 
ee [A + Wy il 


Y (1) (69) 
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and line (3) is terminated in twc short circulted shunt stubs of characteristic ad- 
mittance, 


4. 2 
wy % 
Y.. 


rr ar TE {79} 
3) ko (+ A+u,") 


The end view of the resulting interdigital section with the relevant characteristic 
admittance values are shown in Fig, 11. Obviously, the values of x, and x, must be 


chosen such that the cloment values are non-negative and this has bden shown to be 
always possible if 


(71) 


Using the equations (38), thia condition may be expanded in terms of the trans- 
mission zero t= o, + jw, resulting in, 


2 2 2 2 2 2 
+o)” + [tl WwW -O, | 22a, (1 +9,) (72) 
Thus, the condition or >aoe is at least necessary for realisation and, assuming 
this condition to be satisfied, condition (72) may be rewritten as 


2 2 2 2 2,2 
(1 +a.) (w, ~30,) +(w -a, ) 2 0 (73) 


which, for en 23a, 4 , is alwaya satisfied, Hence, the contour defining realisability 


lies between two radial Unes from the origin at 45° and 60° to the real axis in the t 
plane. 
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IV, GENERAL SYNTHESIS PROCEDURES 


Thla section is concerned with the direct synthesis of microwave all-pass networks 
without reducing the network to a cascade of C-type and D-type sections, The first 
realisation to be considered {4 a cascade of two-wire lines and the second is a reuli- 
gation in the form of an interdigital fine structure, 


Synthesis Using a Cascade of Two-Wire Lines 


Let the souttering ‘ranater function S,. (t) of a resistively terminated, lossless, 
reciprocal, two-nvort network be of the form, 


H(-t) 

: S1o(t) “Ht uo 
} n 

where Hit) ‘8 a strict Hurwitz polynomial of degree n. then, 

| pou 712 

LZ, J = | (75) 
Po "12741 

; where 

i 2 a 

= ; ; Ho” t) + H(t) 

m Hay - Ht) 

tr ” n 

: and (76) 


2H (t) Ht) 


2 2 
i (t) - i (~t) 


1 


is the impedance matrix of the corresponding lossless two-port. 
Two-wire lines may now be extrected from this impedance matrix using Saito's 


extension of Richard's Theorem®, if [Z, (t)]is the impedance matrix after the 
extraction of (n-r) two-wire Ines then, 


+1 
ly, 
Ce «| = [r,t (2,003 f1-tt2,, 007 rz, 0) | (77) 
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where 

: ast r *i9 r 

: [% ty] 78 
= ane {t). : : (78) 
-_— ir lkr 
f # 
; is the impedance matrix after the extraction (n - r+ 1) Hnes. 
Simplification of this recurrence formula results if (Z, )) is expressed as, 
i 
Zoer +2 oor OY oer ae Zooy () 
1 2 a 
: = ¢ 
i (Z,. (t)] (79) 
f - j 
: 4 oor (t) b oor () pve ( ‘J rer ) 
ge arg 
f 
{ or 
: = + 
en (t) Zan tor is the even mode impedance 
and (80) 
| ee (t) = ay v7 yer ia the odd mode impedance 
r oe 
f : 
E . and equation (77) then reduces to, 
t 
ES Z (t)-tzZ (i 
Be Z (y= 00tw Moe oor 
; oe (r-1) - L-t ne (1) © in (t) 
| and (81) 
2 oor (ty-t 2 oor (1) 
\ hg AN arrears 
v0o(r-1) l-t pee (1) Zor”) 
Now ifZ _(t) 2 __(t) = 1, then 
i oer oor 

r+t? = 4 (z t)Z i ()+Z (1) Z(t) 
7 - oer oor oer vor 
Zoe(r-1)) Soo(ea1)t) = Heo. Ge ee 
oer oer oor oor 
=1 (82) 
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but, 


~~ _ 2 2 
Sen oon!) = 2349n ~ 2105 = 1 


Z 4 : Y= as j : ‘s 
Hence, by induction, at } Z ort? 1 and @quationa (81) reduce to, 


‘ty = ? 
Zenit! t eoertt! 


ayy) * TURE OH 
eootr 1) 1-t Yer’) Z ert!) 
(83) 
Zor] 1) - Yoecr-1) 
From erations (76) and (80), the originul even-mode impedance is 
Pai 1 oe a 
oen H(t) - H(-t) ( 


and the remaining even- mode impedances are obtained from successive applications 


of Richard's Theorem defined by equation (83) and the final network configuration is 
shown in Fig. 12, 


Physica! realisability of the structure requires that 2, 


ort)? > 1 but no known 
condition exists upon H nl) such that 


S ; 
Ze!) 1 for all i (85) 


As an example of the procedure, consider the D-type section where H g(t) = | to \? 
+2, tt t2 i.e. from equation (84) 


Figure 12, A Cascade of n, Two-Wire Lines 


le t? ‘ 
4 

2 seg't) at (86) : 
Co i 


whence, from iation (83} 


reer] 


an ae It, ? Zoe2')) 
oel t : 
vielding 
tele? 
Zoe2't) ~~ 230 
and (87) 
oe?) ~ lt, |” Zo e0(t) 


as stated in section 2. 


In general, this particular realisation procedure produces reasonable physical 
dimensions if the rate of change of the delay through the network does not vary rapidly 


with frequency. If this does occur then the following realisation procedure is more 
appropriate. 


Synthesis Procedure Using an Interdigital Line 


The following synthesis procedure is a procedure which may be applied to any 
symmetrical network which effectively contains one unit element. In the case of the 
all-pass network this means that Soft) is of the form 


_ Het) (1-t\ 1/2 
a (+54) 


Ha \iFt (88) 
The general symmetrical network however, will possess a transfer matrix of the 
form 
A(t) B(t) 
pace: Seren (89) 
1-t" F(t) 
Cit) A(t) 
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The even and odd mode impedance for this network are defined as 


at’ 1-t’* at’ 
Ae) AG Gee 
Zett') “ 1+t i : iti (90) 
: } 


and 


eam TP eT I EL 
fo) 
es 
+ 
ad 
~ 
i) 


(91) 
A ‘ 
Cc 2t ; 
Let 
t 
| 
| where 
| r) 
tot 5 ie. t’ = tanh 
- +t! 
| 
i. which vields the condition, 
Z(t’) =Z : (92) 
00 oe vo 
which uniquely defines Zot) in terms of Zio(t’)s 
In order to formulate the synthesis procedure, consider the impedance para- 
meters corresponding to the transfer matrix (89) defined as, 
f 
; ~ Att) 
11 C(t) 
2 (93) 
F Nit (F(t) 
12 Cit) 
i 
| 
A unit element may be extracted in series from the network of characteristic impedance 
Z_, to give, 
0 
11 C(t) t 
F(t) Zz 
r) 2 - fe) 
+ o(t) t (94) 
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Ad tf = i + é 
Moe(t) = ni tal 
(98) 
eae Ae (28 eee 
ee t’ 
and 
rm f ? oo é i F 
Ze tt’) Z ott’) zt (96) 
Since 
Bee ta 1 
Z(t) = Zoo (-) then, 
, (t’) = g! 1 (97) 
00 oe t’ 


This step in the Synthesis procedure has extracted a series capacitor of impedance 


y, this implies that an interdigital line 


Section has been extracted from the network with a coupling admittance Yq: 


The complementary procedure to the on 


@ just described, is the extraction of a 
shunt unit element. Here, 


"11 * Ba 


2 
Yio = nica) se (98) 


and the: extraction of a shunt unit element produces 


’ Mt) Yo 
Yu BH TT 


F(t) Yo (99) 
Vig = Mint? ES : 4] 
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but, 
‘ 22 ’ 
r on a en 2t 
YW’) = ee, te 1+t’ 1+t! +’? 
ot) = 2 ef * ; 
oe 2t 
B 
re 
and 
Y(t) = i — = eee 
‘oot 207 
Olt 
hence, 
a ‘2 ae a - é 
yet’) = Yi ott) - ¥,t (100) 
é ? ‘ x3 
| = a Nae 
Foot ) Yoo ? m 
and 


1 gf 
as oot ) {202 


i} 
3s 
a 
“ee” 


This extraction procedure has removed capacitance between the interdigital line 
and ground or in terms of the even-mode network has removed a shunt capacitor, 


Consider the admittance parameters defined in equations (98). If two identical 
admittances Y(t), were to be extracted one from each of the network then the remain- 
ing parameters would be 


1. Att) 
Yun Bt) Y(t) 

(102) 
Yx2 ~ Yy2 
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The corresponding even and odd mode parameters are, 


, 
vet’) = Yt) - ¥/ 3 
oe oe iad 
1 af? 
(103) 
tpt x 4. at’ 
yt) = Yt + ¥ : 
1+¢’ 
and 
y'«’) = ¥’ (3) 
oo oe t’ 


The extraction of the admittance Y(t) from each end of the network is equivalent 
to removing Y(t) from each end of one of the lines in the interdigital line. In terms 
of the even mode network a ‘resonant! admittauce Y’ (t) (i.e. Y(t) = Y’ (1/t’)) has 
been extracted, 


A similar approach may be made to extract series impedances but should 
normally be avoided due to the difficulty in practical realisation. 


It has been shown that series and shunt capacitors, and series and shunt 
‘resonant! admittances may be extracted from the even-mode impedance and have 
a direct physical representation in terms of a loaded interdigital line structure, 
Obviously, if the network is to be synthesised in this form, the extraction of ele- 
ments from the even-mode impedance must be degree reducing procedures. In 
order to present the various ways of extraction which may be used to achieve this, 
an example is presented, 


In general, for an all-pass network 


Zt’) 1+t L+t (104) 
is H _2tt (1+t’) - #H eau (1-t') 
1+t”? 1 +t’ 


and the example chosen is the D-type section where 


H(t) = It, 1? + 205 t +t? 


43 


Ba take ab adit cet 


sks ted Hl co 


Heal 


Beery eater ee eee 


| ty |” +2 (tol? +2+29,) fey (40 + | tol ® 4 
ie 
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Zoe, tt (105) 


t’ fe, + tol?) + 2 ([to]? + 2+20,) tf? +] tg]? 4] 
A series open-circuited stub is extracted from the even-mode impedance (this is 
Squivaleni to exivacting a unit element in series with the network) to give, 


Zz 
Zoe, (t’) = Zoe, {t!) - Pe (106) 
c™, Zo is chosen to be the residue of Zoe, (t*) at the origin, i.e, 
<7 
to Ital? 
Zy =at 208, (t ) t's 0 a eer ars (107) 
409 + | to | 
where, 
, 2 72 2 
; got’ |to| + 2+ 2ag)+t’” Bay Zag + |t,|*) 
Zoe, (t") = 


(405+ | tol”) [400 + [ty [*) + 20/7 Ito]? + 2+ 209) + It|” 4) 
(108) 


A short circuited shunt stub Zt is now extracted from Zoe, (t’) (this is equivalent 
to extracting Z,t from each end of the network) to yield, 


(1+t'?) 
and 
(4a + |tol 7)? 
Y,* t’Yoe, (t’) = (110) 
t’=0 405 (| tol? + 2 + 20,) 
producing 
2 2 
40 (tol +2 +205) (I tol” +2425 + (209+ | tol 1/2] 
Z.. (t= 
062 (40+ |tp|2)t’ |Itol* (3-205) +4 (+09 -a0") +t/4 aay 


toa -400?) 
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2X, t’ 
Y t= ¥ t’) = (115) 
oe, | oe, ( ) 1+t/2 
where 
(1+t!?) 
¥3 = Yoe, (t’) 
t’= jl 
({t |? + 2+ 20) 
enn (116) 
409 (| to] “+ 209+ 2) 
and 
[a-20,) [t.|? - 40.2] t! 
4) 


z 
Extracting a series open circuited stub ra yiclds 
2» 
Zoe tt!) = Zog Ut’) - — 
3 2 t! 
where 
40, 
48 SS 
2 2 
do,+ tI 


in order to provide a zero of Z 08, (t') at t’= jl. 


Now, 


t flo? (3-20,) + 4 A+a,-a52) +t’? [ (1-209) tol? -40,97 ] 
Yun 0) 8 eed 
O84 ( ) 40, (|tg| +2a, +1) (+t!) ¢ ) 


from which an open-circuited stub ¥g t may be extracted to give, 


4a, (tol #20, + 2) 
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2 2 
(1-2¢9) |t,|" - 4a 
Y, a ee (118) 
2 
409 (It |* + 2e¢q + 1) 


is the characteristic admittance of the last interdigital line to ground, 


The impedances Z,, Zo and Zy are always positive and 2, 1a povitive if, 


Gi - a,) pl? 2 4057 (119) 


The final aven- mode network is shown in Fig, 13 and the complete coupled line network 
ia shown in Fig. 14 where the charucteristic edmittance matrix of the three- wire 
interdigital line is :- 


(2) (2) (3) 
“ It,|? +40, ~(|tp|? + 4¢,) 0 
2 2 
~([tgf? +400) (Ital? #40,) = Ito? +405) 
@) | ——_;—_—- S)§s ——-——- (120) 
| tol 40, | tol 405 
~(|t.|7+4a,) (| to]2+2+ 200) ( [tol ?+ 209) 
2 : 4¢ 400 (| tol® + 209+ 1) 
and line (2) is terminated in two short circuited shunt stubs of characteristic ad- 
mittance, 
([t|? + 409)? 
Y = (121) 


> 
40, (|tol + 2+ 2¢)) 
Line (3) is terminated in two open circuited shunt stubs of characteristic admittance, 
2 
(|tg|“ + 2+2a,) 
3° (122) 
405 (|to| + 299 + 1) 


and the ends of line (1) provide the terminals for the input and output ports, 
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Figure 13, The Even-Mode Network Resulting From the Interdigital Rea’ isation 
of a Microwave D- Type Section in Cascade With a Unit Elemcat 
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Figure 14. The Interdigital Network Realising a Cascade Microwgye D~ Typ 
Section and Unit Element 


In general, the impedance levels of the lines 2 to n may be changed with respect 
to line (1) in a manner similar to that used in section 2, In this example, the second 
row and column of the admittance matrix mey be multiplied by the factor, 


2 
XQ | to| 
ge ctl? (123) 
[t.]? +40, 
and the third row and column by 
Xn 4g 
es (124) 
| ty | 
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to yleld the admittance matrix of the three-wire line as, 


(1) (2) (3) 
el +40, 
1 “Xx 0 
(1) {to|? 2 
x9” ttol* 
@) ~*2 406 ie ca | 
2 2 2 
x9" 40g (|to|"+2 +209) (| tol” + 209) 
(3) 0 “XX er 
[tol (Ito + 205 + 1) 
(125) 
where line (3) is terminated in two short circuited shunt stubs of characteristic 
F admittance 
i x,” |to|* 
Y () 2 ———— (126) 
40g (|tp|" + 2+20,) 
and line (3) is terminated in two open circuited shunt stubs of characteristic ad- 
i mittance, 
Kg" 40g (Ito|” + 2+ 209) 


tol (tol? + 205 +2) 


The values for x, and x, are chosen so that the coupling and ground admittances are 
non-negative and this may be achieved in this case if 


(1 2g,) |t,|? 2 205 (128) 
From this condition, a necessary restriction is thata , < 4 indicating that the 
transmission zero must lie in the vicinity of the imaginary axis and therefore must 
inherently produce a resonant delay characteristic, 


In the remaining section of this paper some applications of microwave all-pass 
networks are considered, 
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V. APPLICATIONS 


Initially it ig demonstrated how microwave all-pase networks may be used to 
: provide phase correction t conventional microwayo fUters and then a method is 
: described by which a network with a near delay-frequency characteristic may be 


constructed, the latter being of particular importance in the compression of Hnoarly 
frequency swept pulses, 
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Ag an Caumple of Uhe use of microwave all~pass networks as phase correcting 
networks consider a stepped impedance transforiner. Here, 


[Syo4t) b° = (129) 
12 oe a2 < ; COs @ 
n cos —) 


ant tor illustration the particular numerical example to be considered is the case n - 5, 
cos w, = 0°6 and a ripple level in the pass band of 0°2 db. Sjo (t) may be constructed 
in the usual manner and the delay of S, 5 (t) calculated, Fig, 15 shows the normalised 
delay Ty plotted as a function of cos q and reveals that the difference between the 

band centre and peak (sand edge) delays is 5°73. It is evident from the shape of the 
curve that a single C-type section will not provide any substantial correction. A D- 
type section alone is also of little use since if it has a peak delay this must occur at 
some value cf cos .» below 0*6 and thus by considering values about band centre little 
improvement is likely to regult. However, as will be seen, the combination of a C- 
type and D-type section does improve the delay characteristic considerably. Fig. 16 (a) 
shows the combination of the filter delay with D-type sections having |tg|= 2 and 

J, 1*2 and1+4, These values are chosen to give a combincd characteristic as near as 
possible to the inverse of the C-type section. A little experimentation with various 
D-type sections at this stage shows that this network alone is of little use and also 
reveals that it is advantageous to choose |t)| greater than unity. Using Fig. 16 (a) 

a C-type section is then chosen to obtain the smallest variation over the passband and 
this is shown in Juz. 16(0). The best result is obtained with the D-type section having 


10 
|tp| = 2, og = 1* 2 and = C-type section witha = “z+ This combination results in a 


delay variation of 1° 8 as compared to the original value of 5-73, a considerable im- 
provement. In the limit, of course, further C-type and D-type sections may be added 
to produce any desired improvement, 


To complete the example the required network will be synthesised, For this 
network 


H (-t) 
S20" Tey 


where 


Hwy = (2 are 4) (t+ =) (130) 
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Figure 15. The Delay Characteristic For the Five Element, Stepped, Impedance 
Transformer Consicered in the Numerical Example 


This network may be synthesised as a cascade of two-wire line, In this case, the 
even- mode impedance Z, (t) is, 


H(t) + H(-t) 


Z, t) = ———___ 
H (t)- H(t) 
2 (43t” + 100) 
Bea (131) 
15t (t* + 12) 
Thus, 
Z, (= + (132) 
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SINw 
Figure 16a, The Delay Characteristics of the Microwave C-Type 
Considered in the Numerical Example 


and D- Type Sections 


and 


Zi (t) - tZ, (1) 
Zo (t)= 2, ql) |-----_-—__. 


(133) 
Zy ()- tZ, 
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Figure 16b. The Delay Characteristics of the Microwave C~Type and D-Type Sections 
Considered in the Numerical Example 


resulting in 
407 
Zo(lje-— 
2 (1) Sp 
awd 
185 
Zy (1) = wis (134) 


Hence, since all of the even-mode impedances are greater than unity, the network 
is realisable with positive values of admittance. 
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A similar phase correcting technique may be applied to most conventional micro- 
wave filters but a realisation of the phase correcting network In the form of a cascade 


of two-wire Hnes is not always possible. To Ulustrate this point, consider a low-pass 
{iter with, 


184 2 (t) \? = 


Qe 
: as (135) 
l+e Th 


2 


In peneral, the delay characteristic of this network Ig of the same form as the 
corresponding stepped impedance transformer with cos wand cos w, replaced by 
sin wand sin w, respectively and subsequently, the corresponding phase correciion 
network would be the same ag for the stepped impedance transformer with Hp (t) 


1 
replaced by tH, wD Performing this operation on the numerical cxample considered, 
the resulting even- mode impedances wuuld be, 


2° 736 (1.6) 
333 
23” T2680 


resulting in lines 1 and 3 being unrealisable due to the negative value of coupling 


admittance. In a case such as this a more general type of roaligation must be sought 
as shown in section 2, 
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VIL ALI. PASS NETWORKS WITH LINEAR GELAY CHAMACTERISTICS 


The realisations of the microwave all-pass networks in the interdigital form 
presentod in section J, and realisations in the form of the cascaded networks Na with 
Np; a6 desertbod in sectlon 2, inherently preduce reaonant delay characteristics, A 
delay characteristic of this form is not usually required for the phase correction of 
conventional microwave filters but is ideal for applications where large rates cf 
change of dulay are required over relatively amall bandwidths (20% or less), Cn 
partlowarly important application which la ta be discussed is the case whara the dalay 
varies in a linear manner with frequency over a band and where tho ratio of the delays 
at the band edges is considurably greater than unity. One application of sich a net~ 
work, as préviously monUoned, is for the compression of linearly swept pulses as 
used in pulse compression radar, 


Tho idealised delay characteristic which is to be approximated is shown in Fig. 17. 
The constant additive delay, which increases with the addition of unt clements into 
the network, is an unimportant factor in this particular case, The important factors 
are the bandwidth B(c/s), the dispersion D= T, - T,; (secs) where Tye and Ty; are 
the delays at the band edges, and the compressicn ratio C defined as, 


C= BD (137) 


which is twice the urea under the delay curve over the band B, excluding the constant 
delay. 


It may readily be shown that the arca contained under the delay characteristic of 
a single D-type section expressed as a plot of delay in secs, against frequency in c/s, 
is unity per quarter wave length freynency. ‘Thus, if nis the degree of 8)» (t) then 
nz C (138) 
For pulse compression networks, C is normally of the order of 50 and hence n 2 50 
or at least 25 D-type sections are required, Thus, due to the large number of D-type 
sections which are required, a first ordered approximation to linear delay may be 
made in the following manner: 
Consider a D-type section with a transmission Zoro ty = ay + jWo where 
| ty | °? Go (139) 


then the maximum delay of the section occurs at fan w a ltg| and has a value, 


2(1 + [ty |*) 


gmex (140) 
12) 
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Figure 17, Idealised Delay Characteristic 


Since the area under the delay curve of each D-type soction in the network ig 
Oqually divided above and below the point tan w = |to|, the area under the delay 
curve will increase in un approximately lincar manner over the band B if 


/ 2 
Y 
[t,| = tan 27k, (s+ fe) Z 
y = 1,2, eee N 


where 4K, (f; +B) < 1 


Also, if condition (139) and @quation (140) aro used, the deviation from linear 
delay may be minimised if, 


Bee ath Be Oa Aten Sach ohare ke 2° 2 
[Dee area TN el REET ETE RET 


san oe pegenanees at det BE SEE EET EPR RS SY Be 


NS TIT am eee, “ee 


5 on 


: ese 
co] wy, * 1 AK Bll eye uy) 
Y ? 0 re 
a a (142) 
Pali atop. |= nl’? 
Y | yh 
and ifm ig the number of D-type secuons, 
Crm {143} 


For mont practical purposes, a close approximation to linear delay will be nec- 
vsasary and this may be achieved using numerical techniques with this firat ordered 
approximation as the initial conditions, 
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; VID. CONCLUSIONS 


A generallged theory of commensurate microwave all-pass networks has bean 
presented, The typica! delay characteriatics for this clas of networks has bean 
presented and procedures for the approximation of specified characteristics have been 
indicated, Using gonoral synthesis procedures for the realisation of C-type and D- 
typo all-paas microwave sections, with and withow! a cascaded unit elument, it hax 
been shown that any delay characteristic of the fori, 


‘ fit’ (t) H’ (+t) 
Ty v9 {i ~ tp [— ree 
H(t) It (=t 


Whure t= tanh p, may always be realised within an additive constant. 


’ Finally, two synthesis procedures have bean presented for the direct realisation 
of microwave all-psas notworks without the reduction to 2 cascade oi C-type and D- 
type goctions. The first realisation, in the form of a cascade of two-wire nos, is 
useful for the phase covrection of some conventional microwave filters, while the 
second realisation, in interdigital form, will produce delay characteristics where 
the delay varies rapidly over # small band of irequencies, 
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